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COLONIC MOTILITY IS CONTROLLED by complex interactive processes in the gut, involving both nerve cells (neurogenic) and spontaneous muscle activity (myogenic). A number of studies have characterized fundamental mechanisms in the colon of the guinea pig, mouse, and rabbit and have shown that propagating contractions underlying peristalsis, or other propulsive motor patterns, require activity in the enteric nervous system (8, 11, 13, 14, 17, 25) .
In recent papers, Huizinga et al. (20) and Chen et al. (7) produced evidence that challenges this principle. In the rat colon, in vitro, they showed that, after blocking peristalsis with antagonists of enteric neuronal activity [tetrodotoxin (TTX) or lidocaine], addition of a cholinergic agonist induced a recovery in propagating contractions. From these data they suggested that networks of interstitial cells of Cajal (ICC) work cooperatively with the enteric nervous system to create colonic motor patterns and that the main propulsive mechanism is the result of activity of pacemaker-driven circular muscle contractions (7, 20) . These findings change the current views of both colonic motor function and dysfunction.
In this study we have confirmed the findings of Huizinga et al. (7, 20) in isolated segments of rat colon and have investigated whether a similar phenomenon occurs in vitro in the rabbit, mouse, and guinea pig colon. By performing these studies we tested the hypothesis that myogenic motor patterns are sufficient to produce colonic peristalsis, in the absence of neural activity.
METHODS
This study used adult: 1) Duncan-Hartley guinea pigs (n ϭ 9) of either sex, weighing between 250 and 305 g; 2) C57BL/6 mice (all male; n ϭ 4), weighing between 15 and 27 g; 3) New Zealand White rabbits (all female; n ϭ 9), weighing 1.6 -2.2 kg; and 4) SpragueDawley rats (n ϭ 16) of either sex, weighing 250 -410 g. Each species was killed in a manner approved by the Animal Welfare Committee of Flinders University. Guinea pigs received a blow to the back of the head and were exsanguinated via the carotid arteries; mice and rats were bled from the carotid arteries following isoflurane anesthesia; and rabbits received an intravenous injection of a lethal dose of pentobarbital sodium (325 mg/kg).
The entire colon from rats and mice and terminal segments of distal colon from guinea pigs and rabbits (12-15 cm) were used. Before experimentation, natural fecal contents were emptied from the preparations, either by spontaneous peristalsis or by gentle flushing with warmed Krebs solution. Each preparation was then placed in an organ bath (ϳ350 ml) containing warmed (36 Ϯ 1°C) Krebs solution (in mM: 118 NaCl, 4.7 KCl, 1.0 NaH 2PO4, 25 NaHCO3, 1.2 MgCl2, 11 D-glucose, and 2.5 CaCl2) carboxygenated with 95% O2-5% CO2.
Experimental Setup
Our experimental setup was based on those described previously (14) . The oral ends of the preparations were cannulated via an L-shaped plastic connector, through which warmed Krebs solution could be infused by a peristaltic pump. The anal ends were attached to a T-shaped junction, where intraluminal pressure at the anal end was recorded by a pressure transducer (model P23ID; Gould Statham) attached at the horizontal outlet of the "T" in all species but the mouse. The small size of the mouse colon prevented such recordings. The vertical outlet of the T was connected to an outflow tube via a one-way valve to prevent backflow of Krebs solution. The level of outflow was set to 4 -6 cm (depending on species) above the isolated colon segment to provide a suitable backpressure (corresponding to 2.9 -4.4 mmHg) that triggered repeated peristaltic contractions. Two series of experiments were performed using this setup: closed and open preparations.
Closed preparations (all species). The outflow tube was clamped so that the colon segments could not empty intraluminal content (a closed system). Thus fluid distension volume remained constant throughout the duration of the experiment, and outflow was not recorded.
Opened preparations (guinea pig, rabbit, rat). The outflow tube was not clamped, and colonic segments were able to empty. Outflow was recorded as the weight (1 g ϭ 1 ml) of fluid expelled in a beaker suspended from an isometric force transducer (model FTO3C; Grass Instruments, Quincy, MA). Both the anal pressure and outflow were simultaneously acquired using LabChart 7 Pro software via a PowerLab 8S recording system (ADInstruments, Bella Vista, NSW, Australia), connected to a Macintosh G4 computer (Apple, Cupertino, CA).
Video Recording and Construction of Spatiotemporal Maps of Motility
A digital video camera (model DCR-TRV80E; Sony), positioned above the preparation, was used to record movies of colonic wall motion using LabChart 7 Pro software connected to a Macintosh G4 computer (Apple), in ϳ10-min clips. These were resampled down to four frames per second in Quicktime (Apple). Each video was then converted into spatiotemporal maps of changes in diameter (Dmaps) using custom-written software in Matlab (MathWorks, Natick, MA) (9) . Based upon earlier work from our laboratory (16) , the diameter at each point along the length of the colon was calculated for each frame and converted into grayscale pixels. Regions of minimal diameter (contraction) were represented on maps as white pixels, whereas maximal diameter (distension) was represented by black pixels. DMaps presented here represent the entire section of colon removed from the animal, with only those regions overlying the cannulas at oral and anal ends removed from the analysis.
Experimental Protocol
In all preparations colonic motor activity was recorded with the colon empty, and then during slow distension by warmed Krebs solution (0.3-3.2 ml/min, depending on species). For closed preparations, the oral infusion was stopped when peristaltic contractions were triggered. This level of distension was maintained for the remainder of the experiment. In open preparations, oral infusion was continued throughout the duration of the experiments, and the colon was allowed to empty spontaneously. In all preparations, after recording 10 -15 min of peristaltic activity, TTX (0.6 M) was added directly to the organ bath to block neural activity. After another 10-min recording, cumulative concentrations of the cholinergic agonist, carbachol (0.1, 0.3, and 1 M), were added at 5-min intervals.
To establish the myogenic nature of motor activity, two additional sets of experiments were carried out on closed preparations of rat colon (but not in mouse, guinea pig, or rabbit): 1) in the continuing presence of the highest concentration of carbachol, cumulative concentrations of niflumic acid [NFA; 100 and 300 M; a blocker of the ANO1 channels of ICCs (21)] were added to the organ bath (n ϭ 4), and 2) a single concentration of NFA (300 M) was added to the organ bath during control propagating peristaltic contractions triggered by distension (without TTX present). This was directly followed by the cumulative addition of carbachol (0.1, 0.3, 1, 3, and 10 M; n ϭ 4).
Drugs
TTX citrate (0.6 M; Alomone Labs), carbachol (0.1-10 M; Sigma Aldrich), and NFA (100 -300 M; Sigma Aldrich) were dissolved in either deionized H 2O or ethanol to make stock concentrations, before being diluted in the organ bath at the final concentrations stated above.
Data Analysis and Statistics
From the DMaps, motor patterns were readily identified as propagating or nonpropagating. Motor patterns that were abolished by TTX were regarded as neurogenic. These included colonic peristaltic (anally propagating) and antiperistaltic (orally propagating) contractions. Shallow, rhythmic circular muscle contractions propagating in both anterograde (anal) and retrograde (oral) directions that were unaffected by TTX were called ripples. Ripples were regarded as myogenic and attributed to the generation of contractions driven by networks of ICC (14, 18) . Propagating motor patterns initiated by carbachol in the continuing presence of neural blockade by TTX were classified as anally or orally propagating myogenic contractions. The frequency, interval, extent, and speed of propagation of all motor patterns were measured using custom-written Matlab software. All data are expressed as means Ϯ SD.
In instances where myogenic propagating contractions were present, the frequency, velocity, and extent of propagation of these events were compared with the corresponding neurogenic propagating contractions recorded previously under control conditions (i.e., before TTX infusion). Comparisons were made using a paired parametric t-test for repeated measures (Graphpad 6; San Diego, CA) with a level for significance set to P Ͻ 0.05.
RESULTS
Results are presented as an initial general summary, followed by more detailed descriptions of results in individual species.
General Observations
In all species, little or no motor activity was observed in the empty colon. For this reason no analysis was performed on these data. Infusion of Krebs solution induced regular peristaltic contractions in both the opened and closed preparations. In closed preparations, peristaltic contractions induced bulging at the anal end, which was invariably associated with an increase in pressure recorded at the aboral transducer, consistent with the suggestion that propulsion had occurred. In opened preparations, peristaltic contractions consistently resulted in outflow from the anal end of the preparation. Antiperistaltic contractions were rarely observed in control distensions of the mouse, guinea pig, and rat. In the rabbit colon, occasional bouts of antiperistalsis were observed, and these data are presented below. Addition of TTX abolished all peristaltic and antiperistaltic contractions in every species. This indicates that myogenic activity, in the absence of enteric neuronal activity, is not capable of sustaining propulsive motor activity. Subsequent addition of carbachol, in the continuing presence of TTX, evoked motor activity that was sometimes propulsive and that varied markedly between the four different species.
The characteristics (frequency, velocity, extent of propagation) of the neurogenic propagating contractions (in normal Krebs solution) and myogenic propagating contractions (in the presence of TTX and carbachol) have been detailed for each species and each preparation type (opened/closed) below.
Section 1
Guinea pig distal colon; closed preparations (n ϭ 4; length 120 Ϯ 15.8 mm). Ramp distension at 1 ml/min (total volume ϳ1 ml) elicited regular peristaltic contractions with a frequency of 1.8 Ϯ 1.0 events/min, which travelled at speeds of 6.7 Ϯ 2.1 mm/s over a distance of 69 Ϯ 28.3 mm. These were associated with corresponding peaks of anal pressure (Fig. 1B) . This activity was abolished by TTX, and subsequent addition of carbachol evoked contraction but not propagating contractile patterns ( Fig. 1, D-F) . Because the intraluminal volume was fixed in these closed preparations, the tonic contractions elicited by carbachol resulted in an uneven passive bulging in other regions (black areas in DMaps).
Guinea pig distal colon; open preparations (n ϭ 5; length 121 Ϯ 17 mm).
Continuous infusion of Krebs solution at 1 ml/min triggered peristaltic contractions, typically composed of two to three individual propagating contractions occurring in fast sequence and resulting in propulsive outflow of fluid. These events occurred with a frequency of 2.1 Ϯ 1.2 events/ min, propagated at an average velocity of 8.4 Ϯ 3.1 mm/s, and the events propagated over an average distance of 113.9 Ϯ 20.0 mm (i.e., most of the length of the preparation). As with the closed preparations, addition of TTX abolished this activity. Subsequent addition of carbachol evoked contraction but not propagating motor activity (data not shown).
Section 2
Mouse colon; closed preparations (n ϭ 4; length 49.8 Ϯ 4.1 mm). Distension (0.3 ml/min) to a volume of ϳ0.22 ml elicited peristaltic contractions with a frequency of 0.9 Ϯ 0.1 events/ min that extended over a mean length of 16.7 Ϯ 2.9 mm at a mean velocity of 0.9 Ϯ 0.2 mm/s (Fig. 2B) . Similar to the guinea pig colon, addition of TTX abolished distension-induced activity. Further addition of carbachol, in the presence of TTX, caused a whitening of the DMap because of contraction of the circular muscle but did not evoke any detectable propagating motor activity (Fig. 2, D and E) . No ripples were detected in the spatiotemporal maps, possibly because their low mechanical amplitude was below the resolution of our camera.
Section 3
Rabbit distal colon; closed preparations (n ϭ 4; length 114.1 Ϯ 8.2 mm). Distension with Krebs at 3.2 ml/min (total volume ϳ3.2 ml) induced regular peristaltic contractions that occurred at a frequency of 3.2 Ϯ 1.0 events/min. These propagated at a mean velocity of 5.8 Ϯ 2.4 mm/s and spanned an average length of 92.2 Ϯ 17.1 mm (Fig. 3B) . Each anally propagating contraction was also associated with positive peaks in anal pressure (Fig. 3b) . Interspersed with these peristaltic contractions were occasional antiperistaltic contractions that occurred at a frequency of 0.4 Ϯ 0.1 events/min and propagated over a mean length of 61.6 Ϯ 18.5 mm, at velocities that averaged 1.3 Ϯ 0.3 mm/s (Fig. 3B and Table 1) .
After the addition of TTX, large-amplitude peristaltic and antiperistaltic activity was rapidly abolished. However, smallamplitude myogenic "ripples" occurred in some preparations. . Because the intraluminal content is incompressible, contractions in one region will result in bulging of adjacent areas. There was no systematic distribution of these bulges, and their static nature indicated that they were passive, nonpropagating mechanical events.
These propagated both orally and anally (Fig. 3 , C and D) as previously described (14) and were associated with very small pressure changes. Subsequent addition of increasing concentrations of carbachol, in the presence of TTX, elicited myogenic contractions that formed complex patterns, with events that propagated both anally and orally in all experiments and were each associated with irregular changes in the anal pressure (Fig. 3, D and E) . Compared with the peristaltic contractions (evoked by normal Krebs solution), carbachol-induced, anally propagating myogenic contractions occurred at a similar frequency (2.3 Ϯ 1.7 events/min, P ϭ 0.6) but had significantly slower mean velocity (0.9 Ϯ 0.5 mm/s; P ϭ 0.02) and traversed a significantly shorter length of the colon (13.1 Ϯ 3.2 mm, P ϭ 0.002) ( Table 1) .
Carbachol-induced, orally propagating myogenic contractions occurred with significantly higher frequency than their neurogenic counterparts (2.4 Ϯ 1 events/min, P ϭ 0.02), had a similar propagation velocity (0.9 Ϯ 0.5 mm/s; P ϭ 0.3), and had a similar extent of propagation (25.7 Ϯ 12.5 mm, P ϭ 0.2) (Fig. 3 and Table 1 ).
Rabbit distal colon; open preparations (n ϭ 5; length 103.9 Ϯ 8.2 mm). Oral infusion at 2 ml/min induced regular peristaltic contractions at a frequency of 3.9 Ϯ 0.7 events/min, with a propagation velocity that averaged 6.7 Ϯ 1.0 mm/s over a mean distance of 85.9 Ϯ 14.2 mm. Two antiperistaltic contractions were recorded in one preparation, and these were not included in the analysis.
After the addition of TTX, myogenic ripples became visible, but large-amplitude propagating contractions were abolished. Further addition of carbachol elicited complex myogenic contractions that propagated in both directions (similar to closed preparations of rabbit colon). Compared with neurogenic peristaltic contractions (recorded before addition of TTX), the anally propagating myogenic contractions had a lower frequency (1.9 Ϯ 0.7 events/min, P ϭ 0.02), slower propagation velocity (1.3 Ϯ 0.5 mm/s; P ϭ 0.0004), and extended over a shorter distance along the colon (14.1 Ϯ 8.1 mm, P ϭ 0.0005).
Orally propagating myogenic contractions averaged 1.1 Ϯ 0.7 events/min and travelled at speeds of 1.5 Ϯ 0.5 mm/s over a distance of 11.9 Ϯ 5.0 mm (spatiotemporal maps not shown).
Section 4
Rat colon; closed preparations (n ϭ 4; length 128 Ϯ 9.8 mm). Distension with Krebs solution at 1 ml/min (total volume ϳ2 ml) generated peristaltic contractions in all closed preparations. These events propagated, often with irregular short interruptions, at a mean frequency of 0.5 Ϯ 0.1 events/min, with an average velocity of 3.1 Ϯ 0.7 mm/s and traversed a distance of 86.5 Ϯ 12.1 mm and was associated with corresponding peaks of anal pressure (Fig. 4B and Table 1 ). Antiperistaltic contractions were not recorded. TTX abolished peristaltic contractions, leaving residual myogenic activity in three of four preparations. The myogenic activity varied between all preparations, either producing short-extent oral and anal propagating contractions or synchronous contractions that spanned most of the length of the preparation and were associated with irregular changes in the anal pressure.
In the presence of TTX, low concentrations of carbachol (0.1-0.3 M) elicited further contractions, including irregular myogenic activity of generally short extent (Fig. 4D) . At a high concentration (1 M) of carbachol, large irregular myogenic contractions were generated that propagated both orally and anally and corresponded with peaks in anal pressure (Fig. 4, E  and F had a higher frequency (1.6 Ϯ 0.7 events/min; P ϭ 0.03) and similar propagation speed (4.1 Ϯ 1.8 mm/s; P ϭ 0.4) but did not propagate as far along the colon (46.2 Ϯ 14.2 mm; P ϭ 0.004) ( Table 1) . Myogenic propagating contractions evoked by carbachol caused significant increases in pressure at the anal end of the preparation, confirming that they were propulsive, as reported previously (7, 20) . The orally propagating (antiperistaltic) myogenic contractions induced by carbachol occurred at a frequency of 0.7 Ϯ 0.3 events/min, with a propagation velocity of 5.3 Ϯ 4.5 mm/s, and moved over a mean distance of 27.4 Ϯ 10.7 mm (Table 1) .
Rat colon; open preparations (n ϭ 5; length 136 Ϯ 25.4 mm).
Distension with Krebs at 1 ml/min elicited regular, large peristaltic contractions that emptied the colon, each accompanied by peaks in anal pressure. These peristaltic contractions occurred at a frequency of 0.6 Ϯ 0.1 events/min with a propagation velocity of 3.7 Ϯ 0.5 mm/s, extended over almost the entire length of the preparation (100.4 Ϯ 41.4 mm), and each emptied 1.3 Ϯ 0.3 ml of fluid.
Addition of TTX abolished all neurogenic peristaltic activity. As with the closed preparation, some myogenic activity remained in two of five preparations. Again, this activity consisted of short-extent oral or anal propagating contractions or synchronous contractions. In one preparation the myogenic contractions were temporally associated with subtle emptying of colonic content.
Subsequent addition of low concentrations of carbachol (0.1-0.3 M) elicited further irregular myogenic activity, but, with a high concentration of carbachol (1 M), robust irregular myogenic contractions were elicited that preferentially propa- gated in the anal direction. When compared with neurogenic peristaltic contractions, the anally propagating myogenic contractions had a significantly greater frequency (2.3 Ϯ 0.8 events/min; P ϭ 0.02), slower propagation speed (2.3 Ϯ 0.8 mm/s; P ϭ 0.01), and shorter overall extent of propagation (39.7 Ϯ 12.0 mm; P ϭ 0.005). Each of these myogenic contractions emptied 0.3 Ϯ 0.1 ml of fluid, which was a significantly lower volume than in control conditions (P ϭ 0.0003). Orally propagating myogenic contractions were observed in carbachol in three of five preparations (data not shown). Rat colon; myogenic ripples. Myogenic ripples became clearly visible after the addition of carbachol in the proximal part of the colon. These ripples propagated both orally and anally at a frequency of 11.3 Ϯ 0.8 events/min, often annihilating when they collided at points that slowly drifted up or down the preparation. In addition, in most preparations, higherfrequency ripples (29.3 Ϯ 6.2 events/min) were observed that also propagated in both directions (Fig. 5, A and B) . Often the two types of ripples were temporally associated with anally propagating myogenic contractions (Fig. 5, C and D) . Neither type of ripple caused significant changes in pressure at the anal end (data not shown).
Rat colon; closed preparations; effect of NFA on TTXresistant carbachol-induced motor activity (n ϭ 4).
With the addition of TTX, synchronous myogenic activity remained in the four preparations. This was associated with a slight increase in pressure at the anal end of the preparation (Fig. 6, C and D). Additional carbachol-induced myogenic propagating contractions were not blocked by NFA at low concentrations (100 M; Fig. 6G ). Only at a higher concentration (300 M) was NFA effective in blocking all myogenic activity (Fig. 6J) .
Rat colon; closed preparations; effect of NFA on TTXsensitive propagating peristaltic contractions (n ϭ 4). Distension-induced peristaltic contractions (control conditions) were blocked by NFA (300 M), as were all myogenic ripples. After 15 min, carbachol (1 M) was added and generated slow, irregular anally propagating myogenic contractions that were associated with increases in pressure at the anal end (Fig. 7E) . Further increases in the concentration of carbachol to 3-10 M induced a greater level of myogenic activity (Fig. 7F) .
DISCUSSION
In two recent publications (7, 20) , it has been suggested that a myogenic mechanism may contribute to the coordination of peristaltic contractions that propel luminal contents along the rat colon. In these studies, anally propagating contractions were induced by carbachol, in the presence of neural blockade by either TTX or lidocaine. These findings led to a hypothesis that a myogenic control system may be an important component of peristaltic propulsion. In our study, using both open and closed preparations, we have confirmed these findings in the rat and shown similar patterns in the rabbit colon. However, no such mechanisms were detected in the guinea pig or mouse colon. (7) is that, in the rat colon, slow myogenic mechanisms make an important contribution to peristaltic contractions. We and others have previously reported shallow "ripple" contractions in the colon that are resistant to TTX and that are nonpropulsive (13) . The presence of carbachol-induced propulsive contractions suggests that, in addition to ripples, there is a second pacemaker system responsible for the slow, carbachol-induced, propulsive myogenic contractions (1, 7, 30) . It is interesting to speculate about the sources of the pacemaker activity. In canine and human colon, slow waves in the circular muscle, with frequencies in the range of 3-9/min, originate from the ICCs in the submucosal plexus (ICC-SMP). In addition, there are faster smooth muscle membrane oscillations [myenteric plexus oscillations (MPOs)], with frequencies ranging from 15 to 30/min, that originate from a network of ICC near the myenteric plexus (ICC-MP) (34, 36, 37 ). In the rabbit colon, myogenic ripples with frequencies of ϳ9.5/min are likely to result from slow waves generated by submucosal ICC-SMP (14, 25) . Faster ripples in rabbits [frequency range 21-31/min (14, 25) ] and in the rat colon (at 29/min in the present study) are probably the mechanical consequence of the MPOs generated by ICC-MP. As reported previously, ripples were preserved after addition of TTX and thus are not dependent on enteric neural activity. Dinning et al. (14) showed that slow and faster types of myogenic ripples interact. A detectable increase in circular muscle contractions only led to increased intraluminal pressure when both low-and high-frequency events occurred simultaneously (14) . Summation 
Myogenic Activity and Carbachol
It is important to emphasize that, in the rabbit colon and nearly all examples in the rat colon, propulsive myogenic activity only occurred after the addition of carbachol and was significantly lower than in controls. This suggests that, in our experimental conditions, myogenic mechanisms are not sufficient, by themselves, to propel content in the colon; they normally require excitatory motor neuron input to the musculature. Myogenic mechanisms might be hypothesized to convert a background level of tonic neuromuscular excitation into a pattern of propagating contractions. This would become important if the enteric nervous system provided unpatterned excitatory neural input to significant lengths of colon over extended periods. It seems unlikely that this would occur commonly under normal conditions. Extensive anatomical studies have established that the enteric nervous system is highly organized, with each functional class of sensory, inter-, and motor neuron having characteristic connections, projections, and polarity (5) . Since the earliest physiological investigations, it has been repeatedly shown that localized stimulation of the colon leads to polarized and coordinated responses, with inhibition and excitation of smooth muscle typically being spatially and/or temporally patterned (3, 8, 23) . Thus, as we also discussed in a previous paper (14) , neural activity is probably not just playing a permissive role but shapes the actual motor pattern.
The patterning of output by enteric neuronal pathways is well illustrated by a suite of studies on the mouse colonic migrating myoelectric complex (CMMC). Propagating motor complexes occur spontaneously in the isolated colon and can also be triggered by local stimulation (distension or mucosal stroking) (8, 22, 27, 31, 35, 38, 39) . These complexes are generated by synchronized firing of populations of ascending and descending myenteric interneurons (40) that activate excitatory motor neurons in a coordinated fashion (37) . CMMCs consist of coordinated compound excitatory junction potentials at 1-2 Hz (40), coinciding with disinhibition of the circular muscle layer. Thus they require tight temporal coordination of inhibitory and excitatory neuroeffector transmission. When complexes are abolished by neural blockade, bath application of carbachol causes depolarization but does not evoke the 2-Hz oscillations, confirming that they probably require coordinated firing of enteric neural circuits (27) . Mutant mice that lack enteric ganglia, but that have ICC (44), do not generate CMMCs (32) . In contrast, mutant mice that lack pacemaker ICC-MY, but have intact enteric ganglia, generate similar migrating complexes (42) . The neuronal pacemaker/pattern generator that underlies the generation of CMMCs, and their propagation along the colon, resides within the myenteric plexus and/or muscularis externa and does not require the mucosa, submucosa, or submucosal ganglia (22) .
Despite this evidence that neurogenic mechanisms are sufficient to explain CMMCs, intracellular recordings from pacemaker cells and smooth muscle cells suggest that periodic myogenic activity occurs at a similar frequency to the CMMC in the mouse colon (45) . Furthermore, measurements of intracellular calcium in ICCs reveal that ICC-MP receive input from excitatory motor neurons during CMMCs and that they have calcium oscillations at a comparable frequency (1-2 Hz) to the summating excitatory junction potentials (2) . This leads to the unsurprising suggestion that neurogenic and myogenic mechanisms probably work together in the expression of motor patterns. If lidocaine or TTX abolishes a motor pattern, we would conclude that the activity requires coordination by the enteric nervous system. However, we could not exclude the possibility that underlying myogenic events are also involved, although not sufficient for expressing coordinated peristalsis. Thus lack of expression of a myogenic pattern in lidocaine or TTX could either reflect the failure of the myogenic mechanism to reach a threshold needed to become visible or its nonexistence.
Motility patterns that propel fluid or solid boluses and that appear to require neuronal activity have been previously described in all four species [guinea pig (8, 11, 12, 15) , mouse (4, 40, 42) , rabbit (14, 23-25, 28, 43) , and rat (7, 20, 29) ]. Physiological propulsion via purely myogenic motor activity has not been as widely reported, except in the stomach. In the rat colon, and to a lesser extent in the rabbit colon, stimulation of the muscle with cholinergic agonists (in the presence of neural blockade) elicited propagating contractions that could propel content and that resembled, in some features, those that occurred when the enteric circuits were active. However, the speed, extent of propagation, and frequency of these myogenic motor patterns often differed significantly from neutrally mediated contractions (see Table 1 ). It should be noted, however, that bath application of carbachol may not accurately mimic release of endogenous neurotransmitters. Bath application of agonists may activate different populations of receptors from those activated at autonomic neuroeffector junctions (19) as has been reported in the guinea pig small intestine (10) . This phenomenon could have contributed to differences in the features of myogenic and neurogenic events in rats and rabbits and the apparent absence of myogenic patterned activity in guinea pig and mouse. Given that we here have used fluid distension to elicit peristalsis, the role of the slow myogenic mechanisms in propulsion of solid feces will need to be investigated in future studies.
Isolated segments of human colon also produce TTX-insensitive myogenic slow contractions (6), at similar intervals to those seen here in the rat and rabbit colon. Slow myogenic contractions in the human colon can be triggered prematurely by enteric neural stimulation (6) . A study of larger specimens of human colon in vitro showed cyclic propagating contractions that could be recorded over large distances and that could also be phase-advanced by enteric nerve stimulation (41) . These myogenic events in human colon are clearly influenced by enteric neuronal activity but are not dependent on it. We speculate that the propagating myogenic contractions in the rat and rabbit colon in vivo (26) may also be sensitive to enteric neuronal stimulation but not dependent on it. The apparent absence of these myogenic events in mouse and guinea pig seems to represent a genuine species difference.
NFA as a Blocker of Myogenic Activity
We hypothesized that the slow, irregular myogenic contractions observed in the rat (and rabbit) in the combined presence of TTX and carbachol are generated by cyclic activity of ICC. We attempted to test this by blocking ion channels that contribute to ICC membrane oscillations (46) . NFA is a blocker of anoctamin 1/TMEM16A channel, which is selectively expressed by ICCs (21) . We added it to preparations of rat colon with the carbachol-induced myogenic propagating contractions. As reported previously (21) , only high concentrations (300 M) were able to block myogenic contractions in the rat colon. However, at this concentration, NFA (300 M) also blocked neurogenic peristaltic contractions triggered by distension in the same type of preparation. Subsequent addition of carbachol still evoked propagating contractions. There are two possible explanations for these observations. First, NFA may block enteric neural activity directly, via nonselective mechanisms. Second, it is possible that neural activity requires functioning ANO-1 channels in ICCs for transmission to the muscle. In either case, we conclude that NFA cannot be used to discriminate myogenic from neurogenic muscle contractions.
The present study has confirmed that, under specific conditions, myogenic activity of some species is capable of being propulsive and bears some resemblance to nerve-mediated motility. It is likely that both types of activity are active during the expression of the wide range of patterns of contraction that characterize colonic motility. For coordinated movement of consumed food from the mouth to the rectum, it would seem to be advantageous for mammals to have neurogenic and myogenic control mechanisms that reinforce one another.
